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ABSTRACT
The mechanism for the early-phase blue and excessive emission within the first few days, reported
so far for a few type Ia supernovae (SNe Ia), has been suggested to be interaction of the SN ejecta
either with a non-degenerate companion star or circumstellar media (CSM). Recently, another mech-
anism has been suggested within the context of the He detonation-triggered SN scenario (i.e., double
detonation scenario or He-ignited violent merger), in which the radioactive isotopes in the outermost
layer of the SN ejecta produce the early emission. In this paper, we investigate properties of the early-
phase excessive emission predicted by these different scenarios. The He detonation scenario shows
different behaviors in the early flash than the companion/CSM interaction scenarios. Especially clear
diagnostics is provided once the behaviors in the UV and in the optical are combined. The spectra
synthesized for the He detonation scenario are characterized by the absorptions due to the He deto-
nation products, which especially develop in the decay phase. We further expect a relation between
the properties of the early-phase flash and those of the maximum SN emission, in a way the brighter
and slower initial flash is accompanied by a more substantial effect of the additional absorptions (and
reddening). This relation, however, should be considered together with the maximum luminosity of
the SN, since the larger luminosity suppresses the effect of the additional absorption. With these
expected features, we address the possible origins of the observed excessive early-phase emission for a
few SNe.
Subject headings: supernovae: general – nuclear reactions, nucleosynthesis, abundances – radiative
transfer
1. INTRODUCTION
Recent rapid development of transient surveys has
opened up a new window of studying explosive tran-
sients within the first few days since the explosion. This
window should bring us new information on unresolved
problems of the stellar evolution and explosion mecha-
nisms. Detection of a shock breakout signal from core-
collapse supernovae (CCSNe) has long been awaited for
decades (e.g., Tominaga et al. 2011; Suzuki, Maeda, &
Shigeyama 2016), the detection of which in the optical
has been claimed by Garnavich et al. (2016) (but see
Rubin & Gal-Yam 2017) or more recently by Bersten et
al. (2018). The post shock breakout ‘cooling’ emission
has been detected for a number of CCSNe, which pro-
vides powerful diagnostics to measure the radius of the
progenitor star (e.g., Arnett 1980; Bersten et al. 2012).
The early emission might also be used to clarify the na-
ture of circumstellar matter (CSM) in the close vicinity
of the progenitor, which reflects the mass loss process
in the final years to decades (e.g., Gal-Yam et al. 2014;
Morozova, Piro, & Valenti 2017).
Type Ia supernovae (SNe Ia) are widely believed to be a
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thermonuclear explosion of a white dwarf (WD). For the
small radius of the progenitorWD, the (usual) post shock
breakout cooling emission is substantially weaker than in
CCSNe (Rabinak et al. 2012), therefore using the early
emission in the first few days to measure the progenitor
radius is difficult for SNe Ia. For example, Nugent et
al. (2011) constrained the radius of the progenitor to be
∼< 0.1R⊙ for the extremely nearby SN Ia 2011fe in M101
(see also Bloom et al. 2012), which was discovered within
a day since the explosion.
For SNe Ia, the early emission in the first few days5 has
been suggested to be a powerful probe to the progenitor
system. The progenitor evolution leading to the ther-
monuclear ignition of a WD has been actively debated
over several decades. There are two popular scenarios;
an accreting WD from a non-degenerate companion star
(single degenerate scenario or SD, e.g., Whelan & Iben
1973; Nomoto 1982; Hachisu et al. 1999) and merging bi-
nary WDs (double degenerate scenario or DD, e.g., Iben
& Tutukov 1984; Webbink 1984), among others (e.g.,
Sparks & Stecher 1974; Soker 2015). There have been
various methods proposed to tackle to this issue, either
for individual cases or for statistic study. These studies
suggest that there could indeed be multiple pathways to-
ward SN Ia explosions, and observational diversities of
SNe Ia may reflect diverse nature of the progenitor sys-
tems (see Maeda & Terada 2016, for a review).
The diagnostics provided by the ‘early phase’ emission
has been suggested to be one of the most direct methods
5 In this paper, we refer the first few days as the ‘early phase’,
while the photospheric phase covering the maximum light (∼ 10−
30 days since the explosion) is called the ‘maximum phase’ (note
that this phase is also usually called the early phase).
2to address the issue. In the SD scenario, it is expected
that there is a non-degenerate companion (donor) star,
either a main-sequence (MS) / red-giant (RG) star, or
even a He star, at the time of the explosion. The separa-
tion of the binary should be close, at an order of the size
of the companion star, as the companion star must have
filled the Roche lobe. The solid angle covered by the
companion star as viewed from the SN ejecta is there-
fore large. In this case, the crush between the SN ejecta
and the companion should take place within at most the
first few hours. The hydrodynamical interaction creates
heat and thermal energy (Marietta et al. 2000). While
the thermal energy is quickly lost by the adiabatic ex-
pansion, bright and blue emission is predicted to follow
(Kasen 2010). This early phase emission may overwhelm
the radiation from the main part of the ejecta powered
by decay of 56Ni, depending on the size of the compan-
ion star and the observed wavelength. This idea has
driven the high cadence surveys/observations of SNe Ia,
and an increasing number of SNe Ia are being discov-
ered and followed from the first few days after the ex-
plosion. Initial attempt to catch the signal resulted gen-
erally in non-detection, disfavoring the existence of non-
degenerate companion stars, especially RGs (e.g., Hyden
et al. 2010), which should have been detected according
to the prediction by Kasen (2010) (but see Kutsuna &
Shigeyama 2015). However, there are now at least a few
examples which are reported to show possible excessive
emission in the first few days (Cao et al. 2015; Marion
et al. 2016; Hosseinzadeh et al. 2017; Jiang et al. 2017;
Miller et al. 2018), indicating that the early emission may
show diverse natures (see §7 for details).
As an alternative scenario, it has been suggested that
the hydrodynamical interaction between the SN ejecta
and dense CSM in the close vicinity of the progenitor
system might also produce similar early emission (Piro
& Morozova 2016). This might naturally be a case for the
SD scenario, but the DD scenario would also be accompa-
nied by a dense ‘CSM’ created by the binary WD merger,
depending on the timing between the merger and explo-
sion (Raskin & Kasen 2013; Shen et al. 2013; Tanikawa
et al. 2015).
Finally, another mechanism which leads to the early-
phase excessive emission has been independently pro-
posed by Jiang et al. (2017) and Noebauer et al. (2017).
They considered a specific explosion model triggered by
the detonation of He on the surface of the progenitor
WD. This mode of the explosion could potentially be
realized both in the SD and DD scenarios; in the for-
mer the He layer is produced by the accretion from a
non-degenerate He star (the double detonation scenario;
Fink et al. 2010; Woosley & Kasen 2011), and in the lat-
ter the He accretion is a result of a merger of a C+O
WD with either an He WD or a C+O WD with the He
layer (the He-ignited violent merger scenario; Guillochon
et al. 2010; Pakmor et al. 2013)6. The scenario is sug-
gested to produce an SN, i.e., complete disruption of a
WD, if the He detonation is sufficiently strong to trig-
ger the thermonuclear runaway near the center of the
6 Sometimes the double detonation scenario and the violent
merger scenario are distinguished from the (classical) SD and DD
scenarios, respectively. In this paper, we categorize them in the
SD and DD scenarios.
C+OWD. Jiang et al. (2017) and Noebauer et al. (2017)
pointed out that radioactive species synthesized by the
He detonation can power the first light from SNe Ia in the
first few days. Jiang et al. (2017) further presented their
observational data for the first robust candidate of the
He-triggered SN Ia (named MUSSES1604D), discussing
not only the photometric properties in the first few days,
but also the spectroscopic properties around maximum
light.
In this paper, we present synthetic observables based
on the He detonation scenario. The paper aims at deep-
ening and expanding the model calculations/predictions
presented by Jiang et al. (2017). Also, we aim at provid-
ing possible diagnosing observables which could distin-
guish the different scenarios to create the early excessive
emission. In §2, we first describe basic ideas in each
model. We first construct simple models to calculate the
main features for the CSM interaction scenario (§2.1)
and the SN-companion interaction scenario (§2.2). The
basic ideas characterizing the He detonation scenario are
described in §2.3, where details of the numerical simu-
lation methods to synthesize observables for the He det-
onation scenario are also described. In §3, we present
synthesized photometric properties in the first few days
for each model. Characteristic photometric properties
are discussed in §4, to clarify different characteristics ex-
pected from different scenarios. §5 and §6 focus on the
He detonation scenario, where we present further predic-
tions on the spectral features and the long term behav-
ior extending from the early (§5) to the maximum phase
(§6). In §7, we discuss possible mechanisms for the early
excessive emissions reported for some SNe Ia. The paper
is closed in §8 with conclusions.
2. MECHANISMS FOR THE VERY EARLY-PHASE
EMISSION
In this section, we describe the physical processes
which underlie properties of the early phase emissions
for the SN-CSM interaction (§2.1), the SN-companion in-
teraction (§2.2), and the He detonation (§2.3) scenarios.
While the CSM interaction scenario was investigated nu-
merically by Piro & Morozova (2016) (see also Noebauer
et al. 2016), description of the basic process has been
missing. With the description of the underlying physical
processes, we construct a simple model to simulate the
expected photometric properties from the CSM interac-
tion model. The SN-companion interaction model was
examined by Kasen (2010) and Kutsuna & Shigeyama
(2015). Especially, Kasen (2010) not only performed de-
tailed radiation transfer simulations7 but presented an
analytic model. In this paper, we formalize the expected
photometric properties from a different viewpoint, with
an analogy to the CSM interaction model. Finally, the
description on the He detonation scenario is an extension
and more detailed description of what was presented in
Jiang et al. (2017). One of the model simulations (which
was initially reported in Jiang et al. 2017) is indeed very
similar to what was presented by Noebauer et al. (2017),
but the present work covers much larger model param-
eter space and a range of related observables (e.g., long
7 We note that the model by Kasen (2010) assumes the initial
conditions obtained through the analytic estimate, unlike Kutsuna
& Shigeyama (2015) who performed (direct) radiation hydrody-
namic simulations.
3term evolution and spectroscopic features).
In this paper, we assume that the density structure
of the SN ejecta (without the interaction with external
materials) is described by an exponential function in ve-
locity space:
ρ(v, t) =
Mej
8piv3e t
3
exp
(
− v
ve
)
, (1)
where Mej is the whole ejecta mass (i.e., the mass of the
WD, which includes the He-layer in case of the He deto-
nation scenario). The velocity scale is set by the kinetic
energy (Eej) as ve =
√
Eej/6Mej. This density structure
mimics typical SN Ia models such as W7 (Nomoto 1982)
and frequently adopted in studying the radiation output
from SNe Ia (e.g., Kasen 2006).
2.1. Circumstellar Interaction
We consider a situation in which the SN ejecta crush
into the CSM with finite spatial extension (R0), and all
the CSM is swept up well before a significant amount
of the radiation start leaking out of the system. The
CSM after the interaction will form a (relatively) dense
shell with a width of ∆Rsh. After the shell travels to the
distance (Rsh) a few times the initial extent, the hydro-
dynamical configuration should be frozen. After that,
∆Rsh/Rsh would not evolve any more, and subsequent
density structure should behave in a self-similar man-
ner. Since the pressure in the shocked material will be
dominated by radiation during the initial phase when
the kinematic structure is reconstructed, the shell width
will be roughly determined by the compression factor of
7, therefore ∆Rsh/Rsh ∼ 0.15 is a reasonable estimate.
The shell position (Rsh) will freely increase as Rsh ∝ t
(where t is the time after the explosion, neglecting the
time elapsed before the interaction). The density of the
shell (ρsh) will decrease simply as ρsh ∝ R−3sh = (Vsht)−3,
where Vsh is a characteristic velocity of the shell.
During the interaction, the reverse shock will penetrate
down in the ejecta until the ejecta mass comparable to
the mass of the CSM (MCS) is swept up (Chevalier 1982).
This process provides a characteristic velocity of the re-
sulting shell. Adopting the exponential profile for the
pre-interaction (unperturbed) ejecta structure (eq. 1),
this velocity can be estimated by the following:∫ ∞
Vsh
4pi(vt)2ρej(v)tdv =MCS . (2)
Obviously, time (t) is cancelled out by the effect of the
density decrease (ρej ∝ t−3). This expression reduces to
the following:
exp(−x)(x2 + 2x+ 2) = 2MCS
Mej
, (3)
where x = Vsh/ve. The kinetic energy initially contained
above Vsh will be distributed to the shell, and this is
estimated as follows:
E0 =
∫ ∞
Vsh
2piρej(v)v
4t3dv . (4)
In the situation under consideration, the interaction must
be adiabatic and the radiation energy loss is negligible.
Therefore, E0 is divided into the kinematic energy of the
shell (EK,0) and the internal energy within it (Eth,0).
The relative fraction for the different channels is depen-
dent on the detailed density structures of the ejecta and
the CSM, but in general these two contributions are ex-
pected to be comparable as is required by the conserva-
tion of momentum and energy. Hereafter we assume that
EK,0 = Eth,0 = 0.5E0 as our fiducial case.
The initial radiation energy density, therefore the ini-
tial temperature (T0), is set by the internal energy con-
tent by the following equation (note that Rsh = R0 as
the initial condition):
4piR30
∆Rsh
Rsh
arT
4
0 = Eth,0 , (5)
where ar is the radiation constant. Here we assume that
the temperature is uniform within the shell. While this
might be a poor approximation in the outermost layer
where the expansion to the (nearly) vacuum will intro-
duce a temperature slope in the small mass layer, the
bulk of the shocked CSM should be well represented by
this characteristic temperature.
Under the one-zone (or thin shell) approximation, the
thermal evolution of the shell, without any additional
heating source, is described by the first law of thermo-
dynamics (Arnett 1980, 1982, 1996):
dE
dt
+ P
dV
dt
= −L , (6)
where E is the total internal energy, P is the pressure,
V is the volume, and L is the luminosity of the diffused
radiation. The equation leads to the following solution:(
T 4R4
T 40R
4
0
)
= exp
(
− tht+ t
2/2
thtd(0)
)
, (7)
where th = R0/Vsh, and td(0) is the diffusion time scale
for the initial condition when the CSM is just swept up
(t = 0, assuming t ≫ th). The diffusion time scale is
expressed by td ∼ ρκ∆R2sh/3c, where ρ and κ are the
density and opacity, respectively. For the thin shell, ρ =
MCS/(4piR
2
sh∆Rsh), thus
td ∼ κMCS∆Rsh
12piR2shc
. (8)
Since L ∼ E/td (where E and td are described as a
function of time), the luminosity is described as follow:
L=L0 exp
(
− tht+ t
2/2
thtd(0)
)
, (9)
L0=
Eth,0
td(0)
. (10)
For the radiation output from the shell, we assume
that the spectral energy distribution (SED) is described
by the Plank function, which is a reasonable assump-
tion in the situation under consideration. Also, we as-
sume that half of the luminosity is emitted toward the
observer, i.e., Lobs = 0.5L, to take into account the radia-
tion absorbed by the main ejecta. The radiation temper-
ature (Tr) can be therefore estimated by the blackbody
relation, Lobs = 4piR
2
shσsbT
4
r , where σsb is the Stefan-
Boltzmann constant, as the photosphere position is al-
ways close to Rsh in the early phase. The multiband
light curves can then be calculated by convolving a filter
function of each band pass to this blackbody (BB) SED.
4Note that the bolometric luminosity decreases mono-
tonically in time. Peaks are created in different band
passes due to the increasing peak wavelength of the SED
(which is a result of the ‘cooling’, i.e., decreasing pho-
ton temperature). This is the situation analogous to the
post shock breakout cooling emission from CCSNe (e.g.,
Arnett 1980; Bersten et al. 2012).
2.2. Interaction with a Companion Star
The situation for the hydrodynamical interaction with
a companion star can be described in a manner similar
to the case for the CSM interaction. The main difference
is that the situation here is highly asymmetric by nature,
and the interaction creates a hole within a certain solid
angle down to the deepest part of the ejecta (Marietta
et al. 2000), rather than a spherically distributed (high
velocity) thin shell. Kasen (2010) developed approximate
analytical formulae to describe the general properties of
the expected radiation, which were used to explain the
radiation transfer simulation results.
In this section, we construct a simple model to describe
the observational outcome. Our approach is similar to
the one developed for the CSM interaction (§2.1). While
we share the physical processes same with those adopted
by Kasen (2010), details differ; our approach is based on
global properties of the interaction, while Kasen (2010)
based his analysis on local properties of the interaction.
As we will show in §3.2, the two approaches indeed pro-
vide reasonably similar results within the accuracy of in-
terest in this paper. We note that our derivation relies on
the hypothesis that the time scale for the equipartition
between the thermal (gas) energy created by the interac-
tion and the photon energy is sufficiently short, which is
questioned by Kutsuna & Shigeyama (2015) (see below).
Unlike the CSM interaction, the mass of the ‘target’
(i.e., the companion star) generally exceeds the mass of
the ejecta within the corresponding solid angle. For ex-
ample, for the solid angle of Ω/4pi ∼ 0.1, the ejecta mass
in this region is ∼ 0.14M⊙ (for Mej = 1.4M⊙) while the
companion star has the mass of ∼> 1M⊙. This means that
nearly all the ejecta materials enclosed in this solid angle
are shocked by the interaction. Therefore, the available
energy budget is E0 ∼ (Ω/4pi)Eej. The fraction of this
energy going to the thermal energy will also be smaller
than the case of the (spherical) CSM interaction, since
the shocked material can expand laterally to form an
oblique shock, and a part of the material can expand
back to the hole created by the interaction to partially
refill the hole. This results in a larger fraction of the
kinetic energy converted back from the dissipated SN ki-
netic energy budget than the case of the spherical CSM
interaction. We assume Eth,0 = 0.25E0 for the shocked
ejecta material, similar to the estimate by Kasen (2010)
(their equation 11).
The configuration we assume is therefore the thermal
energy at the interaction (E0) distributed in the ejecta
within the solid angle of Ω/4pi. For simplicity, we treat
this region as a homogeneous cone, similar to the case
of the CSM interaction (a homogeneous shell). For the
exponential ejecta structure (eq. 1), originally half of
the kinetic energy is contained below V0 ∼ 4.5ve, and
therefore we assume that the outer boundary of this ho-
mogeneous fireball to be at V0 as a rough estimate. For
Mej = 1.4M⊙ and Eej = 1.5× 1051 erg, V0 ∼ 13, 000 km
s−1. This is consistent with the result of the hydrody-
namic simulations (e.g., Kutsuna & Shigeyama 2015) in
the distribution of the shocked companion envelope and
the shocked ejecta (see figure 1 of Maeda et al. 2014).
The initial radiation temperature is then given as fol-
lows:
Ω
4pi
4piD3
3
arT
4
0 = Eth,0 ∝
Ω
4pi
Eej , (11)
where D is the separation of the binary. Note that T0
is not dependent on the solid angle, as both the energy
budget and the volume of the cone have the same depen-
dence to the solid angle (i.e., equivalent to a correspond-
ing isotropic spherical model).
The evolution of the temperature and luminosity fol-
lows the same equations as the case of the CSM interac-
tion (§2.1), once the definition for some physical quan-
tities are modified to take into account the differences
between the two situations. Therefore, similarly to the
CSM interaction scenario, the bolometric luminosity de-
creases monotonically with time. As for the diffusion
time scale, we need the information about the density
in the hole. Kasen (2010) introduced a simplified ejecta
structure after the interaction, in which the hole has the
density by a factor of ∼ 10 smaller than the freely ex-
panding ejecta. This region is covered by a layer of high
density and then by the original (unshocked) ejecta struc-
ture in the other directions. We adopt the similar ap-
proximation and assume that the density is by a factor
of 10 smaller in the hole than the original ejecta without
interaction. Therefore, we adopt the diffusion time scale
as follows:
tdif =
fhκMej
βcR0
, (12)
where fh = 0.1. Here, β = 13.8 provides a good approx-
imation for a homogeneous (conical) sphere or similar
configuration (Arnett 1996). Note that this equation is
consistent with the one used for the CSM interaction
case, if the geometrical factors are appropriately trans-
formed between the two. The estimate of the isotropic
bolometric luminosity is then given by the same expres-
sions as in equations 9 and 10, once Eth,0 is replaced
by the isotropic value (i.e., 4pi/Ω × Eth,0). The bolo-
metric luminosity (L) is then converted to the observed
luminosity (Lobs) by taking into account the fraction of
the radiation escaping toward the hole direction within
the solid angle (with the remaining fraction absorbed by
the main ejecta), which is estimated by the relative frac-
tion of the base area of the cone (toward an observer) to
the total area including the side area (toward the main
ejecta). We note that the synthesized light curves are for
an observer in the direction of the hole (i.e., the compan-
ion direction); this will be fainter or even blacked out in
the other directions.
Finally, the characteristic (blackbody) temperature
(Tr) can be estimated once the photospheric radius is
known. To the first approximation, we could simply
adopt Lobs = 4piV
2
0 t
2σsbT
4
r . A better estimate can be
obtained by taking into account the recession of the pho-
tosphere. By adopting the original (exponential) ejecta
structure but with the reduction of the density by a fac-
tor of fh, we can estimate the position of the photosphere
5as a function of time by the following condition:∫ ∞
vph
fhκρej(v)tdv ∼ 1 . (13)
This expression reduces to the following:
vph = ve log
(
fhκMej
8piv2e t
2
)
. (14)
We then estimate Tr by Lobs = 4piv
2
pht
2σsbT
4
r . By con-
volving the expected BB SED with the filter band passes,
we obtain multi-color light curves.
The above formalism assumes that the equipartition
between the gas and radiation is quickly reached, so
that the shock dissipated energy is efficiently used for
radiation output. This assumption may not necessar-
ily be realized, and then the expected luminosity by the
ejecta-companion interaction will be lower (Kutsuna &
Shigeyama 2015). Indeed, there could be an additional
source of radiation which may set the lower limit for the
expected early-phase luminosity. With the hole created
by the interaction, a fraction of the inner 56Ni-rich region
would be exposed to an observer toward the same direc-
tion. The characteristic time scale, set by the diffusion
through the rarefied hole, is expressed as follows:
tmax∼
√
thtdif
∼ 2.6 days
(
fh
0.1
)0.5 ( κ
0.1cm2
)0.5
(
Mej
1.4M⊙
)0.5(
v0
13, 000kms−1
)−0.5
. (15)
At this phase the dominant power source is the decay of
56Ni to 56Co, for which the (isotropic) luminosity can be
roughly estimated as
L(56Ni) ∼ 3.4× 1042erg s−1
(
0.1
fh
)(
M56Ni)
0.6M⊙
)
, (16)
whereM(56Ni) is the total mass of 56Ni in the SN ejecta.
Here, we estimate that the fraction of 56Ni which partic-
ipates in the early emission is fh, i.e., the same factor
for the density within the hole as compared to that in
the unshocked ejecta. This is consistent with the pic-
ture we use throughout this section for the computation
of the companion interaction, since the remaining frac-
tion of the SN material which was originally in the hole
direction is assumed to form the high density region cov-
ering the hole. The expected bolometric luminosity from
this 56Ni contribution is ∼ −17.5 mag in the first few
days. Using equation 14 and the BB relation, we es-
timate that the characteristic radiation temperature is
∼ 20, 000− 25, 000 K at ∼ 2− 3 days after the explosion.
In the following sections, we mainly discuss the radi-
ation from the dissipated/thermalized kinetic energy as-
suming the full thermalization, as this is the frequently
adopted model to compare to observations. The contri-
bution from the inner 56Ni will also be dependent on the
highly uncertain 56Ni distribution after the interaction,
investigation of which is beyond the scope of the present
work. Whenever necessary we will briefly discuss the
contribution from 56Ni in the rarefied hole region.
2.3. He Detonation Scenario
2.3.1. Main Characteristics
The He detonation scenario has been investigated
mainly in the context of the double detonation model
(Fink et al. 2010; Woosley & Kasen 2011), while recently
an increasing attention has be drawn for the He-ignited
violent merger model (Guillochon et al. 2010; Pakmor
et al. 2013; Shen et al. 2018). In typical double deto-
nation models, the mass of the He shell spans from a
few 10−3M⊙ for the Chandrasekhar-mass WD to a few
0.1M⊙ for the sub-Chandrasekhar-mass WD (down to
∼ 0.7M⊙ in the WD mass). The mass fractions of dif-
ferent He detonation products are first dependent on the
WD mass. For the ‘minimal’ He shell mass to ignite the
He detonation in the model sequence of Fink et al. (2010)
(see also Kromer et al. 2010), the resulting mass fraction
of 56Ni spans from 0.01 (for the WD mass of ∼ 0.8M⊙)
to 0.2 (for 1.4M⊙). The mass fractions of
52Fe and 48Cr
show smaller variation within 0.05 − 0.1. There could
be additional uncertainties both in the WD evolution to
set up the property the He shell and in the treatment
of the He detonation numerically. For example, Woosley
& Kasen (2011) reported much larger 56Ni mass fraction
and smaller 48Cr mass fraction than Fink et al. (2010).
Table 1 illustrates typical mass fractions found in these
works, which are to be used as an input to our radiation
transfer simulations in this paper (see §2.3.2 for more de-
tails on the model description). The models adopting the
mass fractions representing the nucleosynthesis products
of Fink et al. (2010) are denoted as the He detonation se-
quence A, while those adopting the results of Woosley &
Kasen (2011) are denoted as the He detonation sequence
B.
There is clear difference in the physical processes in-
volved in the He detonation scenario than the interac-
tion with CSM or a companion star. For the diffusion of
the thermal energy powered by radioactive decays (i.e.,
the He detonation products), a bolometric light curve
initially rises to the peak, then decreases by a com-
bined effect of the photon diffusion and the decreasing
radioactive input. This is in contrast to the behavior
expected from the interaction case, which predicts that
the bolometric luminosity should always decrease while
a peak in each band is attributed to the decreasing pho-
ton temperature. The typical time scale to reach to the
maximum luminosity in the He detonation scenario can
be estimated by equating the expansion time scale and
the diffusion time scale. This is analogous to the usual
56Ni/Co-powered model for the main light curves of SNe
Ia (Arnett 1982, 1996). By adopting the expression for
the diffusion time scale similar to equation 12 (as the
shell can be geometrically thick, but with fh = 1), we
obtain the following approximated expression:
tmax∼ 0.8 days
( κ
0.1 cm2
)0.5( MHe
0.02M⊙
)0.5
(
VHe
20, 000 kms−1
)−0.5
. (17)
Note that this estimate is by a factor of ∼ 2− 3 smaller
than that we estimated in Jiang et al. (2017), reflecting
the uncertainty in analytically estimating the diffusion
time scale.
6The dominant power source can be either of the decay
chains of 56Ni/Co/Fe or 52Fe/Mn/Cr (with an additional
input from 48Cr/V/Ti), depending on the strength of the
He detonation, which is further dependent on the WD
mass and the mass of the He shell (Fink et al. 2010;
Woosley & Kasen 2011). Assuming that 56Ni is a main
power source, the radioactive energy input is given by
L(56Ni)∼ 7.8× 1041erg s−1
(
X56
0.5
)(
MHe
0.02M⊙
)
exp
(
− t
8.8days
)
. (18)
The radioactive decay chains of 52Fe/Mn/Cr and
48Cr/V/Ti and their energy generation rates are sum-
marized in Appendix. The radioactive inputs by these
decays are given as follows:
L(52Fe)∼ 7.6× 1042erg s−1
(
X52
0.1
)(
MHe
0.02M⊙
)
exp
(
− t
0.5days
)
. (19)
L(48Cr)∼ 3.0× 1041erg s−1
(
X48
0.1
)(
MHe
0.02M⊙
)
exp
(
− t
1.3days
)
. (20)
At t ≫ 1.3 days, the dominant power from this chain is
replaced by the decay of the daughter nucleus 48V:
L(48V)∼ 1.3× 1041erg s−1
(
X48
0.1
)(
MHe
0.02M⊙
)
exp
(
− t
23.0days
)
. (21)
At t ∼ 1 day, the energy input by these radioactive nuclei
would be ∼ 7×1041 erg s−1 for 56Ni (for the mass fraction
of 0.5) or ∼ 1×1042 erg s−1 for 52Fe (for the mass fraction
of 0.1). In either case, the expected luminosity is similar.
Note that the above equations provide the total en-
ergy input in the form of decay γ-rays and positrons (see
Appendix). It is equal to the input to the (UV/optical)
bolometric luminosity only if full thermalization is re-
alized. For VHe = 20, 000 km s
−1 (the He shell veloc-
ity) and MHe = 0.02M⊙ (the He shell mass), the optical
depth to the γ-rays within the He layer, adopting the
well-defined opacity of κγ = 0.027 cm
−2 g−1 as deter-
mined by the Compton scatterings, is ∼ 3 at one day
after the explosion. Therefore, full thermalization within
the He layer is realized around the ‘early peak’ in most
of the model sequence, and the above equations provide
good estimate of the (UV/optical) bolometric luminosity.
The approximation is worse for the models with a thin-
ner He layer, and a non-negligible amount of the γ-ray
leakage should be taken into account especially for the
most massive WD models in our model sequence (with
the mass of the He layer being 3.5× 10−3M⊙). We note
that this effect is indeed taken into account in our radi-
ation transfer simulations (§3 and thereafter).
We expect that the photosphere is within the He-
rich surface region in the first few days, covering the
(first) peak. Therefore, the first-order approximation
is Lbol = 4piV
2
Het
2σsbT
4
r . This provides the estimate of
the radiation temperature as Tr ∼ 7, 000 − 15, 000K at
t ∼ tmax ∼ 1 − 4 day, where VHe is the characteristic
velocity of the He layer (∼ 20, 000 km s−1), for the bolo-
metric luminosity of ∼ 1042 erg s−1. This suggests that
the radiation created by the He detonation can peak in
the optical wavelength.
Some of the expected characteristic behaviors would
be shared by the ‘inner 56Ni contribution’ in case of the
companion interaction (§2.2). The main difference would
be the radiation temperature and SED. For the ‘innerf
56Ni contribution within the hole, due to the confinement
of 56Ni in the innermost region, the effect of the recession
of the photosphere is expected to be significant, leading
to the high temperature (∼> 20, 000K; see §2.2).
2.3.2. Models and Method for Radiation Transfer
Simulations
Given the complications involved in the He detonation
scenario, the details will be discussed based on radia-
tion transfer simulations, rather than analytic expres-
sions. For the input models to the radiation transfer
simulations, we construct a series of toy (kinetic) models,
which take into account main features found in the hy-
drodynamic simulations of the double detonation models
(Fink et al. 2010; Kromer et al. 2010). The procedures
to construct the model are the same as in Jiang et al.
(2017), and we refer Extended Figures 5 and 6 of Jiang
et al. (2017) which illustrate the kinematic and compo-
sition structures adopted in our models.
Our model sequence is summarized in Tables 1 and 2.
Our main parameters describing the configuration of the
explosion outcome are the following: the mass of the pro-
genitor WD, the chemical composition (and the mass) of
the burnt He layer. The model is named, for example,
12A, where the first digits describe the WD mass (1.2M⊙
for this example), and the character (A or B) denotes the
composition type in the He layer (see §2.3.1 and Table
1). Additional models are denoted by ‘N’ which have
the same main SN ejecta structure but without the He
shell. In addition, we examine two different configura-
tions for a Chandrasekhar-mass WD progenitor; pure-
detonation and W7-like model. The carbon detonation
in a Chandrasekhar-mass WD predictsM(56Ni) ∼> 1M⊙.
Additionally, the W7-like model is constructed by (artifi-
cially) setting M (56Ni) to be 0.61M⊙ (a typical amount
of 56Ni in normal SNe Ia). The latter case is denoted
by additional character, ‘L’ (from ‘Lower luminosity’),
in the end of the model name. This may happen either
in the He accreting scenario in the SD or the He-ignited
violent merger scenario in the DD. In the former, the
shock wave penetrating deep in the C+O WD may not
become sufficiently strong to initiate the central detona-
tion for a near Chandrasekhar-mass WD. In the latter, if
a significant amount of the companion WD would also be
disrupted by the merger and swept up by the SN ejecta8,
the primary WD mass could be smaller than the Chan-
drasekhar mass (note that the ejecta mass in our model is
a sum of the primary WD and additional mass from the
companion WD, if interpreted as the He ignited violent
8 In practice, this is unlikely since the He-ignition will take place
before the companion WD is tidally disrupted (Pakmor et al. 2013;
Tanikawa et al. 2015)
7TABLE 1
He Detonation Sequencea (M⊙)
Models M(56Ni) M(52Fe) M(48Cr)
8A 8.4e-4 7.6e-3 1.1e-2
9A 1.1e-3 7.0e-3 7.8e-3
10A 1.7e-3 6.2e-3 4.4e-3
11A 4.4e-3 3.5e-3 2.2e-3
13A 1.5e-3 1.2e-3 6.8e-4
14A/AL 5.7e-4 2.0e-4 1.5e-4
8B 6.3e-2 7.6e-3 2.2e-3
9B 4.2e-2 7.0e-3 1.6e-3
10B 2.8e-2 6.2e-3 8.8e-4
11B 2.0e-2 3.5e-3 4.4e-4
13B 6.5e-3 1.2e-3 1.4e-4
14B/BL 1.8e-3 2.0e-4 3.0e-5
aOther elements (Ti, Ca, Ar, S, Si, Mg, O, C,
He) are also included. The composition is dom-
inated by He in the sequence A. In the sequence
B, 56Ni is the dominant species (with the mass
fraction fixed to be 0.5), followed by He.
TABLE 2
SN Ejecta Models (M⊙)
Models WD mass He shell massa M(56Ni)
8A/B/N 0.81 0.126 0.17 (A/N) or 0.37 (B)
9A/B/N 0.92 0.084 0.34 (A/N) or 0.54 (B)
10A/B/N 1.03 0.055 0.55 (A/N) or 0.75 (B)
11A/B/N 1.13 0.039 0.78 (A/N) or 0.98 (B)
13A/B/N 1.28 0.013 1.05 (A/B/N)
14A/B/N 1.38 0.0035 1.10 (A/B/N)
14AL/BL/NL 1.38 0.0035 0.61 (AL/BL/NL)
aThe He shell mass is set to be zero for the sequence N.
merger model).
We adopt the exponential density structure (eq. 1).
The ejecta mass (Mej) is determined as a sum of the WD
mass and the He shell mass. Once the masses of the nu-
cleosynthesis products are specified, it is straightforward
to compute the nuclear energy generation. By subtract-
ing the nuclear energy generation by the binding energy
of the WD (and that of the He layer), we obtain the final
kinetic energy. For the binding energy, we compute it for
different WD masses with zero temperature9.
For the abundance stratification, we consider (a) the
layered structure within the C+O WD and (b) the He
detonation in the surface He layer. For (a), we divide
the layers to (a1) electron capture-zone, (a2) 56Ni-zone,
(a3) IME-zone, and (a4) O-zone. For (b), we assume a
single chemical zone structure representing the typical He
detonation composition, following the results by Fink et
al. (2010). In the classical double detonation model, we
set the mass of the electron capture-zone zero. Note that
the zone (a1) is introduce only for the Chandrasekhar
WD model (as a reference, for Models 14AL, 14BL, and
14NL), but the mass there is set to be zero in the other
models.
As for the abundances in the core burning and in the
He layer, we examine two cases: sequence A (the weaker
He detonation) and sequence B (the stronger He detona-
9 The binding energy of the cold WD was computed with a
code developed by Frank Timmes (http: //cococubed.asu.edu /
code pages /codes.shtml).
tion). These are constructed by inspecting the outcome
of the He detonation simulations by Fink et al. (2010)
(for sequence A) and that in Woosley & Kasen (2011)
(for sequence B). Specifically, the model sequence A is
constructed so that the masses of each species (56Ni,
52Fe, 48Cr, Ti, Ca, Ar, S, Si, Mg, O, C) are the same
with the results from Fink et al. (2010) (see also Kromer
et al. 2010) both in the main SN ejecta and in the He
layer. For the He detonation products, the remaining
fraction is assumed to be He, and it indeed dominates
the composition in the He layer. For the sequence B, we
assume a fixed mass fraction of 56Ni to be 0.5 in the He
layer. The mass fraction of 48Cr is reduced by a factor of
5 from the sequence A. The change in the total mass is
then compensated by changing the He mass fraction to
conserve the total mass in the He layer. In the sequence
B, the dominant species in the He layer is 56Ni, followed
by He. The mass of 56Ni in the main SN ejecta is also
increased by 0.2M⊙ in the sequence B, unless it exceeds
1M⊙. The main difference between the two sequences
can be seen in Table 1.
In sum, our model is specified by the WD mass, He
shell mass, and the pattern of the He detonation prod-
ucts (A or B). For further simplicity, we test in this paper
the ‘minimal He shell’ models, which provides the mini-
mal mass of the He shell required to initiate the strong
detonation10. Therefore, our models are mainly specified
by the WD mass (0.8− 1.4M⊙), with additional variants
for the He detonation products (A, B, and N).
For the initial kinematic models constructed above,
we perform (LTE) multi-frequency and time-dependent
Monte Carlo radiation transfer simulations. The de-
tails of the radiation processes involved and numerical
schemes were presented in Maeda (2006) and Maeda et
al. (2014). In this work, we updated the code to include
the radioactive decays of 52Fe/Mn/Cr and 48Cr/V/Ti in
addition to 56Ni/Co/Fe. Note that we do not assume
full thermalization of the decay γ-rays in the simulations
(while positrons are assumed to be absorbed in situ); the
γ-ray transfer is solved starting with the γ-ray lines from
the decay chains as mentioned above (see also Appendix),
taking into account the photoelectric absorptions, Comp-
ton scatterings, and pair productions (Maeda 2006).
3. EARLY-PHASE LIGHT CURVES
3.1. CSM Interaction
Figure 1 shows the synthetic light curves (in the V -
band and the SWIFT UVW1-band)11 for the ejecta-
CSM interaction, which are computed following the
formalisms presented in §2.1. The model parameters
(MCS/M⊙, R0/cm) are the following: (0.3, 10
12), (0.3,
1011), (0.3, 1010), and (0.1, 1012), (0.1, 1011), (0.1, 1010),
10 But see Shen & Moore (2014), who argue that the minimal
He shell mass can be further decreased if a significant amount of
carbon is mixed into the He shell. Such cases would become to
resemble the pure carbon detonation models without the He shell,
similar to the model sequence N (see also Sim et al. 2010; Woosley
& Kasen 2011; Blondin et al. 2017; Shen et al. 2018).
11 In this paper, we use the UVW1 band as a representative UV
behavior. While the UVM2-band provides the cleaner window
without the ‘red leak’ in its sensitivity function, the wavelength
range is substantially contaminated by the UV line blending effect
and involves a large uncertainty in the radiation transfer model
such as the line list (Pinto & Eastman 2000; Kasen 2006; Kromer
& Sim 2009).
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Fig. 1.— Simulated light curves and color evolutions from the CSM interaction models. The model parameters are the CSM mass
(0.3M⊙ shown by thick lines and 0.1M⊙ shown by thin lines) and the characteristic (outer edge) radius of the CSM (1012, 1011, 1010 cm,
as shown by solid, dashed, and dotted lines, respectively). The V -band (top-left panel) and UVW1-band (top-right) light curves are shown
by blue lines, while the bolometric light curves are shown by black lines. Also shown are the light curves of the model 14NL in each band
(gray), which illustrates a typical SN light curve powered by (inner) 56Ni/Co/Fe decays. The B − V and UVW1− V color evolutions are
shown in the bottom panels. The peak in the V -band for two selected models (0.3M⊙ and 1012 cm, 0.1M⊙ and 1010 cm) is indicated by
the open circle and square, respectively. The B−V and UVW1−V colors at the corresponding epochs are indicated by the same symbols.
similar to the parameter space examined by Piro & Moro-
zova (2016). Note that the computation here does not in-
clude the main SN ejecta component powered by 56Ni/Co
decay. As a guide, we show synthetic light curves for our
fiducial model 14NL (§2.3.2, computed through the de-
tail radiation transfer simulations), which is similar to
the W7 model.
Despite our simplified analytic treatment, we find rea-
sonably good agreement to the V -band light curves ob-
tained with radiation hydrodynamic calculations by Piro
& Morozova (2016). Our light curve tends to become
slightly brighter than the results obtained by Piro & Mo-
rozova (2016). This likely comes from the uncertainties
in the fraction of the generated kinetic energy converted
to the internal energy or in the opacity (for which we
adopt κ = 0.1 cm−2 g−1 for the interaction scenarios).
The dependence of the light curve characteristics to the
input parameters is similar, suggesting that our model
captures the basic physical processes involved in the SN-
CSM interaction and resulting radiation output. The
early-phase peak in the first few days is predicted to be
distinguishable from the SN main light curve powered
by 56Ni, which may however be affected by the behavior
of the early rising light curve from the SN main compo-
nent (depending on the mixing of 56Ni; Piro 2012; Piro
& Nakar 2013, 2014; Piro & Morozova 2016). Some-
how unexpectedly from the naive expectation, we find
that in general it can be easier to distinguish the early-
phase signature from the CSM interaction for more con-
fined/compact CSM distribution (i.e., smaller R0), de-
spite the fainter peak magnitude. The earlier emergence
helps to separate this component from the main SN emis-
sion.
The simulated UV light curves (for the SWIFT
UVW1-band) are shown in Figure 1. In the UV , the
light curves peak slightly earlier than in the optical, and
the peak luminosities are much larger than in the opti-
cal. Given the deficiency of the UV light from the 56Ni-
powered SN ejecta due to the line blending by Fe-peaks
and heavy elements (see the light curve of Model 14NL
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Fig. 2.— Simulated light curves and color evolutions from the SN-companion interaction models. The model parameter is the separation
(2× 1013, 2× 1012, 5× 1011 cm, as shown by solid, dashed, and dotted lines, respectively). The V -band (top-left panel) and UVW1-band
(top-right) light curves are shown by green lines, while the bolometric light curves are shown by black lines. Also shown are the light curves
of the model 14NL in each band (gray), which illustrates a typical SN light curve powered by (inner) 56Ni/Co/Fe decays. The B − V and
UVW1−V color evolutions are shown in the bottom panels. The open circle, square, and triangle show the properties in the V -band light
curves and the colors at the corresponding V -band peak dates.
in the same figure), the UV provides a much cleaner win-
dow than the optical to catch the early flash caused by
the CSM interaction. A drawback is the time scale even
shorter than in the optical. Catching this signature will
require either a high cadence survey in the UV bands or
a very quick follow-up in the UV wavelength following
the discovery by high cadence optical surveys.
It should be emphasized that this combined behavior
in the optical and UV can be readily understood in terms
of the basic radiation process involved. As shown in Fig-
ure 1, the CSM interaction predicts a monotonically de-
creasing bolometric light curve. The peaks in different
bands are the result of the increase in the characteristic
wavelength of the (essentially BB) radiation with time,
which first passes through the UV and then in the op-
tical. This process creates the characteristic behavior
in which the flux peaks earlier at larger luminosity, for
shorter wavelength. This shares the same behavior to
the ‘cooling emission’ predicted and observed for CCSNe
(especially those with an extended envelope) (e.g., Ar-
nett 1980; Bersten et al. 2012), since the main physical
processes involved are indeed the same.
The characteristic time scale for the evolution in the
bolometric light curves is given by
√
thtd(0), after which
the decrease in the luminosity and temperature is accel-
erated due to the photon diffusion (eqs. 7 and 9). This
time scale is expressed as ∝
√
κMCS/Vsh(∆Rsh/Rsh),
thus mainly determined only by MCS (neglecting the de-
tails including the dependence of Vsh on MCS). This is
given as ∼ 0.7 days for MCS = 0.1M⊙, and ∼ 1.3 day
for MCS = 0.3M⊙. Therefore, the bolometric luminosity
starts the exponential decline from the very beginning,
which also creates the rapid decrease in the temperature.
As such, the time scale is quite short, and this is the rea-
son why the difference in the timing of the optical peak
and in the UV peak is relatively small, since the shift in
the wavelength happens quickly due to the rapid cooling.
Another thing to note is that a large fraction of the
ejecta kinetic energy is converted to the thermal energy
in the SN-CSM interaction scenario. For the models
with MCS = 0.3M⊙ and 0.1M⊙, E0/10
51erg = 0.63
(Vsh ∼ 12, 000kms−1) and E0/1051erg = 0.34 (Vsh =
16, 000kms−1), respectively. The behavior is consistent
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with numerical hydrodynamic simulations (e.g., Noe-
bauer et al. 2016). While the effect of the interaction
on the maximum-light spectra is beyond the scope of the
present work, this would suggest that a large amount
of the CSM would change the line profiles for the main
SN ejecta emission before or around the maximum light.
This would suppress the absorption with the velocity
substantially larger than VCS as compared to the non-
interaction model. We may further expect that it could
on the other hand enhance the absorption around VCS,
which has been suggested to explain the high-velocity
features (Gerardy et al. 2004; Mulligan & Wheeler 2017)
(but see Zhao et al. 2016, for a different scenario). There-
fore, it may create very flat evolution in the line velocity
evolution as a function of time before or even around
maximum-light. This is quite different than the stan-
dard prediction without the CSM interaction, and may
be in conflict with the early phase data available for a
number of SNe, which typically show rapid decrease in
the line velocities (e.g., Benetti et al. 2005).
The color evolution is a powerful probe to the under-
ling mechanism, as this is free from the uncertainty in
the extinction, and it is especially useful in investigating
the UV behavior. The B − V color evolves from blue
(B − V ∼ −0.3) and quickly becomes redder as time
goes by. At the V -band peak, the color is still relatively
blue (B − V ∼< 0), which is a general behavior expected
in the ‘cooling emission’ (see also §4). As time goes by,
the color evolves further to the red (B − V > 0), then
the radiation resulting from the CSM interaction is over-
whelmed by the rising light curve of the 56Ni-powered
main light curve (see Model 14NL). Then the color be-
comes increasingly blue again to B−V ∼ 0, as expected
from emission from the 56Ni-powered main SN ejecta (see
also Piro & Morozova 2016).
The UV-optical color evolution shows a pronounced
effect of the interaction. Overall behavior is qualitatively
similar to the B−V color, but it starts with a much bluer
color and evolves faster than in the optical (Fig. 1). The
UV-optical color is very blue at the moment of the optical
peak with UVW1 − V ∼ −2 mag (in the Vega system).
The large contrast in the color in the early flash and
that in the rising phase by the 56Ni heating in the main
ejecta, e.g., ∼ 2 magnitude contrast in the first few days
and ∼ 10 days after the explosion, can be a very useful
diagnosing observable to test the interaction scenario, as
this is free from the uncertainty in the extinction.
3.2. Companion Interaction
Figure 2 shows the light curves for the companion in-
teraction scenario, computed following the formalisms
given in §2.2. Again, the model curves do not include the
main SN component, and the light curves simulated for
the 56Ni-powered model 14NL are shown for demonstra-
tion. The pre-SN separation (D) between the SN pro-
genitor and the companion star is a main input parame-
ter characterizing the resulting radiation output. Figure
2 shows the models with D = 2 × 1013 cm, 2 × 1012
cm, and 5× 1011 cm. These correspond to the following
companion stars filling the Roche Lobe: RG (∼ 1M⊙),
MS (∼ 6M⊙), and MS (∼ 2M⊙), respectively, which are
similar to the situations studied by Kasen (2010) and
Kutsuna & Shigeyama (2015).
We observe good agreement with the results by Kasen
(2010) in the bolometric luminosities. Our simulated
bolometric luminosities are initially ∼ −20, −18, and
−16 mag, similar to those found by the simulations by
Kasen (2010). Furthermore, for example, the model with
D = 2×1013 cm decays in its luminosity by 1 mag in ∼ 4
days, fully consistent with Kasen (2010). We also see fair
agreement in the V -band and UV -band properties with
the previous study12.
The basic behavior is the same with the CSM in-
teraction model (§3.1), and therefore similar diagnostic
observables apply including the importance of the UV-
optical color evolution. However, there are several impor-
tant differences. First, the companion interaction models
presented here lead to longer time scale than the SN-
CSM interaction models. The characteristic time scale
is expressed as ∝
√
κMej/V0, thus it is the same for all
the companion interaction models presented here. In-
terestingly, within our formalism the characteristic time
scale (in the evolution of thermal condition and thus the
bolometric light curve evolution) does not depend on the
model parameters (i.e., tdif ∝ R−10 and th ∝ R0 can-
cel out). The exact value can be uncertain (beyond the
simple model adopted here), while we expect that this
characteristic time scale is larger for the companion in-
teraction case than in the SN-CSM interaction case.
Another important difference is in its initial internal
energy content created by the interaction. Since the en-
ergy dissipation is limited by the solid angle of the inter-
action (eq. 11), it is the same value of ∼ 8×1049 erg irre-
spective of the separation (D) and other parameters, un-
like the CSM interaction case where the CSM mass deter-
mines the energy generation. This is much smaller than
the SN-CSM interaction where a large fraction of the ki-
netic energy is thermalized. Combined with the above
mentioned (relatively) long time scale, the companion
interaction scenario predicts an interesting difference in
its behavior than the SN-CSM interaction scenario. The
bolometric luminosity decays more slowly than the SN-
CSM interaction case. The shift in the peak wavelength
can therefore happen before the characteristic time scale
(i.e.,
√
tdifth) during the slow evolution (i.e., adiabatic
cooling phase), and accordingly this change in the char-
acteristic wavelength is rather gradual. It thus leads to
a relatively long delay between the UV peak and the op-
tical peak. Accordingly, the color evolution is also slow
as compared to the CSM interaction case (see Fig. 2),
while it shares qualitatively similar evolution from the
blue to the red.
The additional source of the radiation from the in-
ner 56Ni contribution may affect the light curves and
color evolution especially for small binary separation.
For D = 5 × 1011 cm, the expected bolometric lumi-
nosity from the 56Ni contribution may overwhelm the
shock-thermalized radiation output. Given the expected
slow color evolution of 56Ni contribution (similar to the
He detonation scenario but with the higher temperature;
§2.2 and §2.3.1), the optical output may especially be
contaminated by this additional 56Ni contribution. On
the other hand, the UV output may not be significantly
contributed by this additional power source. This may
affect the interpretation of the UV-optical behavior from
12 Note that we use the Vega system while Kasen (2010) uses
the AB system.
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Fig. 3.— Simulated light curves and color evolutions from the He detonation models (the model sequence A for the nucleosynthesis
products). The models shown here are 8A (solid), 11A (dashed), and 14AL (dotted). The V -band (top-left panel) and UVW1-band
(top-right) light curves are shown by red lines, while the bolometric light curves are shown by black lines. Also shown are the light curves
of the model 14NL in each band (gray), which illustrates a typical SN light curve powered by (inner) 56Ni/Co/Fe decays. The B − V and
UVW1− V color evolutions are shown in the bottom panels. Note that for the He detonation models, not only the surface layer (the He
detonation products) but also the whole SN ejecta (including 56Ni) is included. The open circle, square, and triangle show the properties
in the V -band light curves and the colors at the corresponding V -band peak dates.
the companion interaction scenario. Further investiga-
tion of this effect is beyond the scope of the present work,
and will be presented elsewhere.
3.3. Radioactive decays of the He detonation products
Figures 3 and 4 show the synthetic light curves of the
He detonation models, for two different assumptions on
the He detonation products (the sequence A and B; see
Tables 1 & 2 and §2.3.1). The figures show that two
different choices on the He detonation products generally
predict similar light curves. This can be understood by
the similar energy input for the two sequences (§2.3).
As such, we mainly discuss the results from the model
sequence A in the following discussion.
The bolometric light curves predicted for the He
detonation scenario show different behavior than the
CSM/companion interaction scenarios. Unlike the in-
teraction scenarios, it shows the peak in the light curve
in the bolometric luminosity. This is analogous to the
usual 56Ni-powered main peak (Arnett 1982, 1996), as
the photons require the diffusion time scale (more pre-
cisely, as combined with the dynamical time scale) to leak
out of the system. This is longer for Model 8A/B than
Models 11A/B and 14AL/BL, as our model sequence is
constructed so that a more massive He layer is attached
to a less massive progenitor WD.
It is seen that the V -band light curves follow closely
the bolometric light curves, especially visible for Mod-
els 8A/B and 14AL/BL13. Namely, there is not much
bolometric correction unlike the CSM/companion inter-
action scenarios, and there is much less evolution in the
characteristic temperature during the initial flash cre-
ated by the He detonation products. Accordingly, the
B − V color stays at ∼> 0 during the phase, which will
13 This behavior is not clear in Model 11A/B, since the radia-
tion from the main SN ejecta already contributes significantly at
the early-phase peak of the light curve powered by the surface
He detonation products. As we constructed the model sequence
following the double detonation scenario, a more massive WD is
associated with a larger amount of 56Ni in the main ejecta with
more extended distribution, leading to the fast rising in the main
component (see also §6).
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Fig. 4.— The same as Figure 3 (He detonation models), but for the model sequence B for the detonation products. Note that the
information on the V -band peak date for the 11B model as reconstructed from our ‘subtracted’ light curves (shown by the open square)
does not match to the fully synthesized emission properties as there is a significant contribution from the main SN ejecta in this model.
The derived peak information is therefore highly uncertain for this particular model.
then evolve to the red when the rising light curve from
the main SN ejecta starts dominating the total radiation
output. The UV-optical color evolution shows a notice-
able difference to the interaction models; the contrast in
the color between the early flash and the later phase (e.g.,
∼ 10 days) is much smaller than the interaction models.
Note that the UV-optical and B−V colors of the He det-
onation model can first evolve even to the redder than
the corresponding model without the He layer (i.e., seen
by comparing the models 14AL/BL with Model 14NL).
This characteristic behavior will be further discussed in
§6.
Detectability of the early flash by the decays of the He
detonation products as a function of the WD mass de-
pends on a combined effect, one by the luminosity and
the time scale of the early flash and the other by the
brightness of the underlying 56Ni-powered emission from
the main SN ejecta. If we follow the relation in the WD
mass and the He layer mass expected from the double
detonation model sequence, the early flash by the He det-
onation products is more easily distinguishable for a less
massiveWD (due to the larger luminosity of the flash and
the smaller luminosity from the main ejecta). If the prop-
erties of the main ejecta are fixed, then the early flash
from the smaller amount of the He layer would be easier
to distinguish, thanks to its shorter time scale (despite
lower luminosity) which separates the early flash from
the main body of the light curve (see Model 14AL/BL).
4. PREDICTED BEHAVIORS OF THE EARLY ‘FLASH’ FOR
DIFFERENT SCENARIOS
At the first look, the predictions from different mecha-
nisms may look quite similar and difficult to distinguish.
However, characteristic behavior can indeed be different
as different physical mechanisms are at work. This is
especially the case between the model involving the in-
teraction (either the CSM or companion) and that with
the He detonation products. Figure 5 shows the char-
acteristic features expected from different models in the
optical. The features related to the UV emission are
shown in Figure 6.
For the He detonation models, the radiation transfer
simulations are performed for the ‘whole’ ejecta struc-
ture including the main part of the ejecta. We simu-
late the corresponding models without the He detonation
ash on the surface (model sequence N), and the resulting
light curves are subtracted from the corresponding mod-
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Fig. 5.— Optical properties of the simulated models for the early excessive emission. Shown here are for the CSM interaction models
(blue-open circles), the companion interaction models (green-filled circles), the He detonation models (the He detonation product sequence
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peak (defined as the duration where the magnitude is within 0.3 mag below the peak), and the B − V color at the V -band peak, as a
function of the peak date in the V -band light curves.
els with the He layer, to obtain the early phase light
curves from a ‘pure’ He-detonation component. This
could introduce a possible systematic error in deriving
the characteristic observables, as the He detonation ash
can also change the rising part of the main light curves
by providing additional opacity source (see below). How-
ever, the early emission from the He detonation model is
so distinct from the main SN component in many cases,
and the underlying main SN component would not affect
the extracted characteristic properties of the He detona-
tion component in the first few days according to our
visual inspection of the subtracted light curves.
Figure 5 shows that there is a general trend that more
delayed emission is associated with brighter peak lumi-
nosity. The SN-CSM interaction and companion inter-
action scenarios share the similar relation, as these two
scenarios involve the same physical mechanism to create
the early emission, i.e., the cooling emission where the
optical peak is created by the decreasing temperature
associated with monotonically decreasing bolometric lu-
minosity.
While predicting a qualitatively similar relation, the
relation seen in the He detonation model sequence is orig-
inated from a totally different reason. A larger amount
of the He layer leads to both the large amount of the en-
ergy source (thus larger luminosity) and a larger amount
of the opacity source (thus longer diffusion time scale).
On average, the He detonation scenario predicts the V -
band peak magnitude brighter than the CSM/companion
interaction scenarios by ∼ 1 magnitude for a given peak
date, but the quantitative comparison is subject to the
uncertainties in constructing the (simplified) interaction
models.
The duration of the early phase ‘flash’ as a function of
the peak date is generally similar between the interaction
scenarios and the He detonation scenario. The duration
here is defined as the time period during which the lumi-
nosity stays within 0.3 mag below the (early-phase flash)
peak. There is a general trend that the duration is longer
for more delayed peak emission.
The B − V colors at the peak are also shown in Fig-
ure 5. In general, the He detonation model sequence
predicts the peak B − V color of ∼ 0, similar to the in-
teraction models. This behavior is indeed not trivial; the
(optical) peak in the interaction models is a result of the
characteristic behavior in which the optical peak is cre-
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Fig. 7.— B-band light curves of the He detonation models. See the caption of Figure 3 for different line styles.
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ated once the SED peak moves to the optical wavelength
in terms of the cooling emission, and the color is set by
this requirement. This condition does not necessarily ap-
ply to the He detonation scenario, which shows both the
bolometric and optical luminosities can increase. Figure
7 shows the B-band light curves of the He detonation
model sequence. This figure shows that B-band light
curves generally follow the bolometric light curves, sim-
ilar to the case for the V -band light curves. Namely,
the bolometric correction is small and it does not evolve
significantly,
From the above investigations, we conclude that the He
detonation scenario may be difficult to distinguish from
the companion interaction scenario only with the opti-
cal photometric information in the early flash. The early
phase behavior is indeed more easily distinguishable once
the information in the UV wavelength is combined. Fig-
ure 6 shows that there is a general trend between the
UV peak date and the peak luminosity, irrespective of
the mechanisms, where the brighter peak is reached for
more delayed emission. The difference in the peak UV
magnitude between the He detonation scenario and the
CSM/companion interaction scenarios is indeed not large
for a given UV peak date. However, the He detonation
scenario predicts that the UV peak is reached quite early,
and the time lag between the UV peak and the optical
peak tends to be larger for the He detonation model than
the others. This stems from the cooler photosphere in the
He detonation model especially in the first few days (i.e.,
increasing bolometric luminosity in the He detonation
model as compared to the decreasing bolometric lumi-
nosity in the interaction scenarios). For the same reason,
the UV-optical color is much redder in the He detonation
scenario in the first few days. Once the optical and UV
behaviors are combined, the He detonation scenario thus
behaves in a different manner than the interaction sce-
narios. The UV-optical color is much redder in the He
detonation model sequence than the CSM/companion in-
teraction scenarios (by ∼ 1−2 mags), as shown by Figure
6 both for the UVW1-V color at the V -band peak and
for the difference between the peak UVW1-band magni-
tude and the peak V -band magnitude.
5. SPECTRAL SIGNATURES IN THE HE DETONATION
FLASH AND EFFECTS OF ABSORPTIONS
Figure 8 shows synthetic spectral evolution in the first
3 days for selected He detonation models, 8A, 11A and
14AL for which the light curves are available in Figures
3 and 7. In the optical, these models peak at ∼ 2, 1, 0.5
days since the explosion, respectively for models 8A, 11A
and 14AL. It is seen that the optical spectra show blue
continuum before the peak date. Around the peak, the
line features start developing, mostly by Fe and Fe-peak
elements but Ca II absorptions are also strong. These
absorptions are substantially contributed by the He det-
onation products. For models 11A and 14AL, the emis-
sion from the ‘main’ SN ejecta indeed contributes pre-
dominantly at ∼ 3 days. The comparison between mod-
els 11A/14AL with the corresponding models 11N/14NL
(without the He layer) shows that stronger absorptions
are associated with the He detonation models. It is, how-
ever, not determined merely by the amount of the He
detonation products. Model 14AL indeed has a smaller
amount of the He ash (nearly by an order of magnitude)
but shows stronger absorption. The bolometric magni-
tude is ∼ −17 mag for 11A but ∼ −15 mag for 14AL, at
∼ 3 days. This difference in the luminosities results in
the difference in the photospheric/characteristic temper-
ature roughly by ∼> 50% (assuming that the photospheric
radii are similar). This large difference can make differ-
ence in the ionization status, and the lower temperature
in 14AL results in the stronger absorption (due to the
enhanced abundance of singly-ionized ions).
Indeed, this effect of the absorption by the He deto-
nation ash is already seen in the V -band (Figure 3) and
B-band (Figure 7) light curves. In the V -band, models
14AL and 14N show very similar light curves in the rising
part of the main SN component (after ∼ 2 days). On the
other hand, in the B-band, model 14AL is fainter than
14NL by ∼ 1 magnitude at ∼ 3 days. The difference
between models 14AL and 14NL becomes smaller as the
luminosity rises, and the two models overlap at ∼ 5 days
when the bolometric luminosity reaches to ∼ −18 mag.
This additional absorption is also key in the charac-
teristic color evolution in the He detonation scenario.
Not only the relatively red (early) peak color, but also
subsequence evolution can be distinguished for the He
detonation scenario. For the CSM and companion in-
teraction scenarios, one expects that after the main SN
ejecta start dominating the emission, the color follows
this component as well. For example, Figure 1 shows that
the CSM interaction model initially shows blue emission
with B−V ∼< 0. The color quickly evolves to the red, and
the early-phase V -band peak is reached when B−V ∼ 0.
The emission from this cooling emission is further red-
dened, but then this reddening is saturated by the SN
ejecta component, which will subsequently become blue
and reaches back to B − V ∼ 0 after a few days (see
model 14NL in Figure 1). While we have not performed
the radiation transfer including both components, this
behavior is expected since there is no additional source
of opacity and is indeed seen in numerical simulations
by Piro & Morozova (2016). The similar behavior is ex-
pected for the companion interaction as well, and in this
case due to the longer time scale of the initial flash it
will not show the ‘red phase’; it is initially very blue,
and then in a few days merges to the main SN emission
at B − V ∼ 0.
This can be different in the He detonation scenario.
Figure 3 shows that model 14AL becomes redder than
model 14NL until ∼ 6 days. During this phase, the lumi-
nosity of the main SN component is still small, resulting
in low temperature in the outermost layer occupied by
the He detonation ash. Therefore, additional absorption
is created by singly-ionized Ca, Fe and Fe-peaks. This
effect is relatively minor for model 11A, due to the large
luminosity and early emergence of the SN main com-
ponent, which keep the high ionization in the He layer.
Model 8A becomes very red, as the main SN component
never reaches ∼ −18 mag (M(56Ni) = 0.17M⊙ in the
main SN ejecta) and thus the He layer is always kept at
low ionization level (see below for further details).
The (relatively) blue continuum and shallow absorp-
tions may qualitatively share features expected for the
CSM/companion interaction scenarios, while the He det-
onation scenario tends to produce redder color. The
quick reddening after the peak of the early flash could
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Fig. 8.— Spectra of the He detonation models (the He detonation product sequence A) in the first few days after the explosion. The
spectra of the corresponding models without the He detonation products at 3 days is also shown (gray line; 11N and 14NL corresponding
to 11A and 14AL).
also be found in all the scenarios. The development of the
strong absorption features in the post-flash phase, corre-
lated with the luminosity, can be a characteristic feature
of the He detonation scenario. Further quantitative com-
parison between the He detonation scenario and the in-
teraction scenarios on the last point will require detailed
radiation transfer simulations for the CSM/companion
interaction scenarios, which we postpone to the future.
Still, it is expected that the CSM/companion interac-
tion scenarios eventually converge to the non-interacting
models (such as the model sequence N), while the He
detonation scenario does provide additional source of the
absorption, and thus the difference is expected.
6. THE MAXIMUM-LIGHT BEHAVIORS
Maximum light behaviors expected for the double det-
onation scenario have been discussed by several groups
mostly in the optical (Kromer et al. 2010; Woosley &
Kasen 2011). Here, we briefly address the issue espe-
cially in relation to the behavior in the very early phase,
also adding discussion in the UV. Figures 9 and 10 show
V , B, and UVW1 light curves and spectra around the
maximum light (10 to 30 days since the explosion) for a
few selected models.
Figure 9 shows that for the ‘bright’ models (reaching to
∼ −19 mag or brighter), the He detonation ash does not
substantially change the optical light curves up to ∼ 40
days. In our model sequence (except for 14AL/BL), a
more massive WD is associated simultaneously with the
larger amount of 56Ni in the main SN ejecta and the
smaller amount of the He layer. Therefore, the mod-
els with larger luminosity is generally associated with
the smaller amount of the additional opacity source (ob-
viously, the light curves should converge to the model
without He layer for the decreasing amount of the He
layer). Furthermore, larger luminosity keeps the tem-
perature high, preventing the increase of the opacity pro-
vided by singly-ionized Ca, Fe, and Fe-peaks in the He
detonation layer.
The optical light curves of Model 14A in the maximum
phase are basically identical to those of Model 14N, as
the absorption in the He layer is negligible. This also ap-
plies to model 14AL, which has the same mass of the He
layer with 14A but with smaller luminosity. The impor-
tance of the mass of the He layer is seen by comparing
Models 14AL and 11A. The peak (bolometric) luminosity
is indeed higher in model 11A (with the larger amount
of 56Ni) than Model 14AL, while it starts showing ad-
ditional absorption in the B-band in the post maximum
following the luminosity decrease. Note that the mass
of the He layer is larger in 11A than 14AL by an order
of magnitude. For Model 8A, this additional absorption
by the He detonation products is very strong. This has
both the large amount of the He layer (∼ 0.1M⊙) and the
small amount of 56Ni in the main SN ejecta (∼< 0.17M⊙).
For Model 8A, even the V -band initially shows the sup-
pression in the rising phase as compared to Model 8N.
This is due to the formation of the photosphere at high
velocity due to the large opacity, leading to the low tem-
perature (see below for the spectra in this phase).
The effect is stronger in the UV because of the sub-
stantial line blending. Still, for models peaking at the
magnitude brighter than ∼ −19 mag, the effect in the
maximum and post-maximum is not substantial. The
effect is stronger in the rising part (see Fig. 3), because
of the combination of the low luminosity and the high
density. The sub-luminous models (e.g., Model 8A) are
predicted to be fully blacked out in the UV, highlighting
the UV behavior as a distinguished diagnostic of the He
detonation scenario.
Figure 10 shows the spectral evolution from 10 to 30
days since the explosion. To see the effect of the He det-
onation ash, the spectra are overplotted with the corre-
sponding models without the He layer. For Model 14AL,
only the spectra in the post-maximum is affected by the
He layer. There are additional absorptions in the blue,
e.g., Ti trough at ∼ 4, 000A˚, which start developing in
the post-maximum. The behavior is similar for model
11A, but the effect becomes in active earlier; already
around the maximum there is a hint of the additional
absorption, and in the post maximum the blue portion
of the spectrum is substantially absorbed with clear Ti
trough. The situation is dramatically different for Model
8A. Already in the rising phase the spectrum is very
red. Overall the spectral signature shares similarities
to sub-luminous 1991bg-like SNe Ia, while the color is
even redder than 1991bg-like SNe, lacking totally the UV
emission. These behaviors can be understood by a com-
bination of the mass of the He detonation ash and the
luminosity provided by the main SN ejecta, as already
discussed throughout the paper.
7. IMPLICATIONS FOR SNE IA WITH POSSIBLE EARLY
FLASH
17
-22
-20
-18
-16
-14
 0  10  20  30  40
V
t [day]
8A
11A
14A
14AL
-22
-20
-18
-16
-14
 0  10  20  30  40
B
t [day]
8A
11A
14A
14AL
-22
-20
-18
-16
-14
 0  10  20  30  40
U
V
W
1
t [day]
8A
11A
14A
14AL
Fig. 9.— Light curves of the He detonation models covering the maximum light. Shown here are models 8A (red thick-solid), 11A (red
dashed), 14A (red dotted) and 14AL (red thin-solid). The corresponding models without the He detonation products are also shown by
gray (8N, 11N, 14N) and sky blue (14NL) lines with the same line styles. Different panels show the V -, B-, and UVW1-band light curves.
-16
-14
-12
 3000  5000  7000  9000
8A
lo
g(
f 2
)+
co
ns
t.
3 [Å]
10d
15d
20d
30d
-16
-14
-12
 3000  5000  7000  9000
11A
lo
g(
f 4
)+
co
ns
t.
5 [Å]
10d
15d
20d
30d
-16
-14
-12
 3000  5000  7000  9000
14AL
lo
g(
f 6
)+
co
ns
t.
7 [Å]
10d
15d
20d
30d
Fig. 10.— Spectra of the He detonation models (the He detonation product sequence A) around maximum light. The spectra of the
corresponding models without the He detonation products at the same epochs are also shown (gray lines; 8N, 11N, 14NL corresponding to
8A, 11A, and 14AL).
There are a few SNe Ia so far for which possible signa-
tures of the early excessive emission in the first few days
have been reported. Cao et al. (2015) reported the initial
UV excess for iPTF14atg. iPTF14atg is a peculiar SN
Ia which shares similarities to SN 2002es (sub-luminous
SNe Ia with slow decay). They found that the initial UV
luminosity and color are well explained by the interac-
tion with a non-degenerate companion star according to
the model by Kasen (2010), most likely with a radius of
∼ 60R⊙.
Marion et al. (2016) reported blue color for SN 2012cg
up to ∼ −15 day (measured from the B-band maximum),
which is further complemented with a possible excess in
the UV at the beginning. By comparing the optical light
curves and color evolution with the companion interac-
tion model, they suggested that this could be a result of
the interaction with a non-degenerate companion star,
most likely a MS of ∼ 6M⊙ (D ∼ 2× 1012 cm assuming
the Roche lobe overflow). SN 2012cg shares similarities
to SN 1999aa, which is slightly over-luminous and slow
decliner, with the light curve and spectral features gen-
erally between normal and 1991T-like SNe Ia.
Hosseinzadeh et al. (2017) presented extensive data set
for SN 2017cbv. Spectroscopically it resembles normal
SN Ia 2013dy. Its declining rate (∆m15 (B)) would also
indicate its normal classification. Contrarily, the esti-
mated luminosity is high (MB = −20.04 mag) which
however is a subject of the uncertainty in the poorly con-
strained distance to the host galaxy while the extinction
would not be substantial. Its relation to SN 2012cg is not
clear; the optical light curves and color evolution are sim-
ilar between the two at ∼> one week after the explosion,
while SN 2017cbv seems to be much bluer in the initial
∼ 5 days where the excessive emission is found (see below
for further details). Hosseinzadeh et al. (2017) discussed
several scenarios, including the companion interaction,
CSM interaction, and the contribution by radioactive iso-
topes near the surface which may originate either from
extensive 56Ni mixing or the He detonation.
Recently, Jiang et al. (2017) reported the discov-
ery of the very early detection of an SN Ia, named
MUSSES1604D. At the discovery the g-band magnitude
was ∼ −14 mag, and in one day it was brightened to
∼ −16 mag in the g- and r-bands. Then the g-band mag-
nitude stayed at the similar magnitude, suggesting that
the discovery was within a day after the explosion and
the early flash was peaked at ∼ −16 mag at 1-2 days after
the explosion. The color evolved quickly from B−V ∼ 0
to redder. Additionally, the follow-up observations show
that MUSSES1604D was relatively normal in its peak lu-
minosity (V ∼ −19 mag) as is roughly consistent with
its light curve declining time scale. The color around the
maximum light was relatively red (B−V ∼ 0.3 mag). It
also shows interesting peculiarity in the maximum-light
spectra, which show strong absorptions in the blue to-
gether with clear Ti trough at ∼ 4, 000A˚ as typically
seen in SN 1991bg-like sub-luminous objects but other-
wise show similarity to normal SN Ia spectra.
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In this section, we compare our models with these
examples and discuss possible origin(s) of the reported
early flashes. We do not aim at providing detailed mod-
els tuned to fit to the observational data of these SNe
in this paper. Rather, we try to clarify the applicability
of the different scenarios based on the expectations by
considering the physical processes involved in a qualita-
tive way, in order to provide a guide for future detailed
modeling and for future observations of similar events
(or SNe Ia soon after the explosion, in general). The
discussion on the maximum-phase light curves should be
taken as being only qualitative as this can be affected by
the detailed distribution of 56Ni and opacity sources in
the main ejecta; indeed, our reference model 14NL shows
relatively rapid rise as compared to normal SNe Ia. We
further note that our companion interaction model pre-
diction relies on the hypothesis of the equipartition be-
tween the thermal (gas) energy and the photon energy.
Applicability of this assumption is beyond the scope of
this paper (e.g., Kutsuna & Shigeyama 2015). An ad-
ditional caveat is that our prediction for the companion
interaction is limited to the direction to the companion
star. In the intermediate angles we would expect that
the luminosity would become fainter than our predic-
tion, while the color would not be highly dependent on
the viewing direction.
7.1. MUSSES1604D
The nature of MUSSES1604D was discussed by Jiang
et al. (2017). They concluded that the SN was triggered
by the He detonation on the surface. In this section
we briefly summarize their arguments to set a scene for
the following discussion for the other objects. We refer
Jiang et al. (2017) for full details of the interpretation
and arguments for the He detonation origin.
The combination of the time scale (∼ 1− 2 days) and
the luminosity (∼ −16 mag in the optical) observed for
the early flash is inconsistent with the companion inter-
action scenario (Fig. 5). The B − V color of the early
flash is also predicted to be too blue with B − V ∼< 0 for
the CSM and companion interaction scenarios.
The He detonation provides the most consistent and
straightforward interpretation. The observed time scale
and brightness of the flash are along the expectation (Fig.
5) if the He layer is as massive as ∼ 0.03M⊙. The rel-
atively red color at the peak of the flash is also consis-
tent. Additionally, the mass of the He detonation ash
as massive as ∼ 0.03M⊙ as combined with the normal
maximum-light luminosity is accompanied by the signif-
icant, but not too strong, absorptions in the blue around
the maximum light, including Ca II H & K and the Ti
trough. Therefore, the main features of the early flash
and the maximum-light behavior including the spectral
features can be naturally explained by the He detonation
model consistently.
The model shown in Jiang et al. (2017) provides a rea-
sonably good fit to the multi-band light curves (including
the first few days and the maximum phase) and the max-
imum spectrum of MUSSES1604D. The model is largely
similar to model 14AL in the main ejecta structure (but
with the smaller mass of 56Ni, ∼ 0.4M⊙), while the mass
of the He layer is ∼ 0.02M⊙ as is similar to model 11A.
Due to the combination of the massive He layer and rela-
tively low luminosity from the main SN ejecta, the model
shows substantial absorption of the Ti and Fe peaks in
the blue, which provides a good fit to the maximum-
phase spectrum. Note that the mass of the 56Ni derived
for MUSSED1604D is smaller than both models 14AL
and 14A, thus the effect of absorption for MUSSES1604D
is more significant than in 11A.This highlights the impor-
tance of not only the mass of the He layer but also the
luminosity in shaping the spectra through the He deto-
nation layer. Also, this suggests that potentially a large
number of the He detonation-triggered explosions may
be hidden; similar SN Ia explosions but with a slightly
larger amount of 56Ni than MUSSES1604Dmay not show
the characteristic absorption by the He detonation ash,
and then it may be classified as a normal SN.
An unresolved problem would remain in the properties
of the SN main component, between the ejecta mass and
the luminosity (thus 56Ni in the main SN ejecta). The
evolution of the light curve around the maximum-light
indicates the ejecta mass similar to that in normal SNe
Ia, favorably near the Chandrasekhar mass. The peak
magnitude is relatively normal. This feature is not read-
ily explained by the existing model sequence of the He
detonation-triggered explosion. If the carbon detonation
at the center (as induced by the shock wave propagation
created originally by the He detonation on the surface)
is responsible for the whole disruption of the WD, we ex-
pect a relation between the progenitor WD mass and re-
sulting 56Ni, as a more massive and dense WD produces
a larger amount of 56Ni. This behavior is seen in our
model sequence (Table 1) which is constructed following
the simulation results of the double detonation models
(except for Models 14AL/BL/NL). In this scenario, SNe
Ia with normal luminosity is predicted to be followed by
fast decline. The same relation should also apply to the
He-ignited violent merger scenario (see footnote 4). Un-
derstanding the exact nature of the physical mechanism
leading to the phenomenologically derived properties of
the He layer and the main SN component will require
further investigations.
7.2. iPTF14atg
The V -band and UVW1-band light curves of
iPTF14atg are shown in Figure 11. We apply the dis-
tance modulus of 34.9 mag. We assume negligible ex-
tinction even in the UV (Cao et al. 2015). The absolute
magnitudes are computed using the SWIFT UVOT Vega
system zero-points (Breeveld et al. 2010). We adopt the
explosion date as suggested by Cao et al. (2015).
We first compare the observationally derived charac-
teristic behaviors to the properties expected from each
model (Figures 5 and 6). The V -band peak in the early
flash might have been reached at ∼ 4 days, and the
UV peak must have occurred before that. Therefore,
the constraint is that the V -band peak magnitude must
be brighter than ∼ −16 mag within ∼ 4 days. This
leaves a subset of the companion interaction and the He
detonation models as possible candidates. The UVW1-
band peak magnitude must be brighter than ∼ −16 mag,
which is satisfied by basically all the models. Finally,
the flat evolution in the V -band suggests that the V -
band peak was reached around the first point, and the
UVW1 − V color at that moment is about ∼ 0 mag or
bluer. Since there is a sign of the luminosity decrease in
the UV between the first and second points, it indicates
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Fig. 11.— The V -band and UVW1-band light curves of iPTF14atg (open squares; Cao et al. 2015), as compared to a few selected
models. Shown here are the companion interaction model (with the separation of 2 × 1012 cm; green dotted), the He detonation models
8A (red solid) and 10A (red dashed). The corresponding models without the surface He detonation products, 8N and 10N, are also shown
(gray, with the line styles following the corresponding models 8A and 10A).
that the UVW1−V pseudo-color measured at each peak
is bluer than ∼ 0 mag. These additional constraints are
also satisfied by some of the models in the companion
interaction and the He detonation scenarios.
Therefore, the characteristic behaviors are explained
both by the companion interaction scenario and the He
detonation scenario. In the context of the companion
interaction scenario, a rough match is found for the sep-
aration of ∼ 2 × 1012 cm, as shown in Figure 11. In
this scenario, the UV luminosity must have been much
higher if the observation would have been performed ear-
lier, highlighting the importance of the quick UV follow-
up (or even high cadence surveys in the UV) to identify
the origin of the early flash.
In the He detonation scenario, the mass of the He layer
should be ∼> 0.02M⊙. The exact criterion will depend on
the details of the He detonation nucleosynthesis, but it
will roughly be a correct order as both the sequences A
and B require similar values. The amount of the He ash
required is indeed similar to the case for MUSSES1604D,
as these two SNe could share similar features. Cao
et al. (2016) noted that another SN 2002es-like SN Ia,
iPTF14dpk, does not show the early flash while other-
wise looks similar to iPTF14atg. They suggested that
SN 2002es-like objects may be accompanied in general
by the companion interaction, while its detectability de-
pends on the viewing direction. We note that the similar
configuration would also apply to the He detonation sce-
nario, as the He detonation may also introduce a large
asymmetry in the distribution of the He detonation ash
(Fink et al. 2010; Kromer et al. 2010).
In sum, the natures of the early flash of iPTF14atg
allow two interpretations; the companion interaction as
was originally suggested by Cao et al. (2015) and the
He detonation. The two interpretations differ in the UV
property in the earlier phase, and this is key in distin-
guishing the two scenarios. Another important consider-
ation is on the properties of the maximum light, which
is indeed one of the main arguments for the He detona-
tion model for MUSSES1604D. The maximum luminos-
ity associated with the main SN component is the main
difference between iPTF14atg and MUSSES1604D. At
the peak magnitude of ∼ −18 mag in the V -band for
iPTF14atg, we expect substantial absorption especially
in the blue including the UV band passes for the He det-
onation scenario (Figure 11). Even Model 11A with the
V -band peak brighter than −19 mag shows substantial
absorption in the UVW1-band by ∼ 1 mag as compared
to Model 11N. Model 8A, with the peak V -band mag-
nitude of ∼ −18 mag, shows that the emission in the
UVW1-band is totally blacked out. Therefore, for the
mass of the He detonation ash of ∼> 0.02M⊙ required to
explain the nature of the early flash in this scenario, the
expectation is that the main SN component will be very
faint in the UV around the maximum-light.
We emphasize that the present study does not aim at
providing a complete picture of the He detonation sce-
nario from early to late, especially in the UV as the
nature of the UV line blending is still theoretically un-
certain (note that even our model sequence N, without
the He detonation, is unable to explain the observed
maximum-phase UV behavior). Indeed, the maximum
light behavior has not been investigated in detail in the
UV even for normal SNe Ia, and our understanding is
totally lacking for the UV behaviors of different sub-
types of SNe Ia. Still, if MUSSES1604D is to be in-
terpreted as a He detonation-triggered SN, then the sim-
ilar amount of the He detonation ash associated with a
sub-luminous SN should be accompanied by the stronger
absorption around the maximum light, and this is phe-
nomenologically not compatible to the observed proper-
ties of iPTF14atg. Therefore, the companion interaction
scenario is possibly favored for iPTF14atg, while further
investigations for the He detonation scenario with a range
of the parameter space will be required to robustly iden-
tify the origin of the early flash found for iPTF14atg.
7.3. SNe 2017cbv and 2012cg
The V , U , and UVW1-band light curves of SNe
2017cbv (Hosseinzadeh et al. 2017) and 2012cg (Mar-
ion et al. 2016) are shown in Figure 12. We adopt the
distance moduli of 31.14 mag and 30.90 mag for SNe
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Fig. 12.— The V -band, U -band, and UVW1-band light curves of SNe 2017cbv (open squares; Hosseinzadeh et al. 2017) and 2012cg (filled
circles; Marion et al. 2016), as compared to a few selected models. Shown here are the companion interaction model (with the separation
of 2 × 1012 cm; green dotted), the He detonation models 9A (red solid) and 14A (red dashed). The corresponding models without the
surface He detonation products, 9N and 14N, are also shown (gray, with the line styles following the corresponding models 9A and 14A).
For the He detonation model, the explosion date is set at 1 day in this plot (i.e., the putative explosion date shifted later by 1 day from
the fiducial estimate given by Marion et al. (2016) and Hosseinzadeh et al. (2017)).
2017cbv and 2012cg, respectively. The extinction correc-
tions adopted here are E(B − V ) = 0.15 mag and 0.2
mag, respectively, with RV = 3.1. Note that the former
accounts only for the MW extinction, while the latter is
dominated by the host contribution14.
For SN 2017cbv, the time scale of ∼ 5 days for the
early excessive emission is clear thanks to the very inten-
sively sampled light curves. This is too long for the CSM
interaction scenario, but can be roughly consistent with
the companion interaction scenario. However, as already
noted by Hosseinzadeh et al. (2017), the companion in-
teraction model predicts too bright UV emission. While
the contribution of the underlying main SN component
during this early phase is unknown, we could place a con-
servative estimate in the observed UV-optical color dur-
ing the early phase. The V -band magnitude must have
contributed at least at a level of ∼ −16 mag, and the up-
14 The extinction is uncertain. Because of this uncertainty, Hos-
seinzadeh et al. (2017) compared these two SNe only considering
the MW extinction. If we adopt E(B−V ) = 0.2 mag for SN 2012cg
including the possible host extinction (Marion et al. 2016), these
two SNe are relatively similar in the peak light curves (Fig. 12).
per limit in the UVW1-band for the excessive emission
is ∼ −16 mag. Therefore, the UVW1−V color must be
red with UVW1−V ∼> 0 even conservatively, during the
first 5 days. This is against the expected blue color from
the companion interaction model, i.e., UVW1−V ∼< −1
for which the magnitude at each peak is used (Figure 6).
Figure 12 shows some model examples, which show that
the UVW1-band magnitude, or even the U -band magni-
tude, should have easily exceeded the observed limit.
This problem was indeed already noted by Hossein-
zadeh et al. (2017). They speculated that possible line
blanketing may suppress the UV emission, while also dis-
cussing other scenarios as summarized in the beginning of
§7. We note that this possibility is unlikely: (1) This hy-
pothesized absorption will need to work more effectively
in the earlier phase since the expected ‘delay’ between
the UV peak to the optical peak has not been identi-
fied. (2) Related to this, the temperature decrease (or
SED evolution) is much slower than the prediction by the
companion (or CSM) interaction scenario, i.e., Tr ∝ t−1
(see eq. 7) in the adiabatic loss limit. (3) The lumi-
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nosities initially monotonically increase in all the bands
from the UV to the optical, thus the quasi-bolometric lu-
minosity does not seem to show the decrease predicted by
the companion (or CSM) interaction. The observed be-
haviors thus suggest that the bolometric luminosity does
increase initially, and the temperature is not decreasing
rapidly. These are qualitatively more consistent with the
He detonation scenario than the companion/CSM inter-
action scenarios.
However, quantitatively even the sequence of the He
detonation models examined in this paper predicts too
bright UV emission, or equivalently too blue UV-optical
color (Figure 6). This is illustrated by a few models
shown in Figure 12. We selected models which result
in relatively over-luminous SNe. The inspection of the
model behaviors in the initial flash phase suggests that
it would be remedied if the diffusion time scale would be
further increased while not increasing the energy input.
This would be possible in the context of the He detona-
tion scenario, if the mass of the non-radioactive species
would be increased. At the same time, adding the Fe-
peak elements or Ca/Ti is not favored, as this would
create too much absorption in the blue around the maxi-
mum light (see Figure 12; again note that understanding
the maximum-phase light curves, especially in UV, of
bright/faint SNe Ia will require further study). Such a
configuration might be possible within the He detona-
tion context for a relatively low mass WD with a thick
He layer, which would leave He as a dominant species.
This would however contradict to the standard double
detonation model sequence, as an over-luminous SN Ia
like SN 2017cbv (but note that there is an uncertainty
in the distance and thus the luminosity) is expected to
be an outcome of a relatively massive WD with at least
∼ 1M⊙ (see Tab. 2).
Alternatively, a similar configuration might be more
naturally expected by a mixing of 56Ni outward even
without the He detonation. It is indeed indicative that
SN 2017cbv is potentially an over-luminous SN Ia (i.e.,
SN 1991T/1999aa-like) while it shares similar spectra
with normal SNe Ia. Abundance tomography of SN
1991T-like objects generally requires an extended distri-
bution of 56Ni out to the surface (Sasdelli et al. 2014;
Zhang et al. 2016). The non-monotonic light curve will
require non-monotonic distribution of 56Ni (e.g., Piro &
Nakar 2013, 2014) which favors a large scale asymmetry
(e.g., Maeda et al. 2010) rather than a small scale clump-
ing. A combined analysis of the light curve and spectral
sequence analysis will be required to clarify further the
origin of the early flash.
Similar arguments apply to SN 2012cg. If the extinc-
tion of E(B − V ) ∼ 0.2 mag is adopted, the light curves
of SN 2012cg are similar to SN 2017cbv around the maxi-
mum. The early flash is likely fainter by ∼ 0.5−1 mag in
all the bands, but the color at this phase is similar. The
light curve data obtained for SN 2012cg alone would not
readily reject either of the companion interaction sce-
nario or the He detonation (or 56Ni mixing) scenario,
both of which can roughly explain the features of the
first light curve points. This highlights the importance
of the intensively sampled light curves, like SN 2017cbv,
to clarify the nature of the early flash (or early excessive
emission).
Features in the very early-phase spectra of SN 2012cg
(Marion et al. 2016) may also favor the models which
involve the radioactive heating rather than the shock
thermalization. Its spectrum at ∼ −16 days measured
from the B-band maximum shows a blue spectrum plus
relatively shallow absorption features. The absorption
features are, however, not as shallow as expected from
a simple sum of a blue BB continuum plus a template
normal SN spectrum as already noted by Marion et al.
(2016). The development of the absorption lines for the
initial flash is expected for the He detonation scenario
(§5), and this behavior could also be shared by the sce-
nario involving the extensive 56Ni mixing.
We note that similar arguments would also apply to
another example, iPTF16abc, which shows blue color in
the optical in the initial phase (before ∼ −13 days mea-
sured from the B-band maximum) (Miller et al. 2018).
It however shows much redder UV - optical color than
iPTF14atg, sharing the similar behavior with SNe 2012cg
and 2017cbv. This led Miller et al. (2018) to conclude
that the most likely explanation is either the extensive
56Ni mixing or interaction with diffuse (extended) CSM.
Our most favored scenario is the 56Ni mixing, follow-
ing the same arguments for SNe 2012cg and 2017cbv
while the He detonation scenario may not be robustly
rejected. For the case of iPTF16abc, the short-lived
C II absorption may support the extensive 56Ni mixing
(Miller et al. 2018). The difference in iPTF16abc and
SNe 2012cg/2017cbv may then be attributed to the dif-
ferent degree of the 56Ni mixing, where a larger amount
of the unburnt C+O WD materials near the surface may
be expected for a less luminous SN Ia (e.g., Zhao et al.
2016).
8. CONCLUSIONS
In this paper, we have investigated different scenar-
ios to create excessive ‘early-phase’ emission from SNe
Ia within the first few days after the explosion. We have
first provided simple prescriptions to describe main phys-
ical processes involved in the interaction with either CSM
(Piro & Morozova 2016) or a companion star (Kasen
2010) (but see Kutsuna & Shigeyama 2015). We have
shown that these two scenarios can be understood in the
same context. In the CSM interaction scenario, the main
function is the mass of the CSM (which determines both
the time scale and the initial thermal energy content),
while in the companion interaction model it is the bi-
nary separation (which determines the initial thermal
energy density). In general, these scenarios behave in
the same way with the ‘cooling emission’ from CCSNe,
which has been extensively studied by several groups pre-
viously (e.g., Arnett 1980; Bersten et al. 2012), and it is
characterized by the decrease both in the bolometric lu-
minosity and radiation temperature.
The He detonation scenario has been recently sug-
gested as an alternative scenario to create the early ex-
cessive emission (Jiang et al. 2017; Noebauer et al. 2017).
The key physical process involved in this scenario is dif-
ferent than the CSM/companion interaction scenarios.
The He detonation scenario predicts that the bolometric
luminosity initially increases and peaks in the first few
days. The evolution in the color is generally slower than
the other scenarios, and the color tends to be redder.
While the relation between the power source and opac-
ity source is different than in the interaction scenarios,
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the He detonation scenario results in the emission whose
peak properties, for a given peak date, can be qualita-
tively similar to those expected for the interaction sce-
narios. Details including the temporal evolution (e.g.,
the B − V color evolution) can be different, depending
on the model parameters involved in the He detonation
scenario.
The difference is highlighted in the UV behaviors. The
He detonation scenario predicts that the UV peak is
reached substantially earlier than the companion/CSM
interaction scenarios, typically within one day after the
explosion for a range of the model parameters. The UV
emission at the time of the associated optical peak is
weaker than the interaction scenarios, with the difference
especially evident by comparing different models creat-
ing the similar optical peak dates. Accordingly, the UV-
optical color is red. Especially useful information can
be obtained by the UV-optical color evolution, as this
observable reflects the main difference in the underlying
physical processes and it is free from the uncertainty in
the extinction.
Spectra in the early flash phase for the He detonation
scenario have been presented. At the peak of the optical
emission, the UV line absorptions already start develop-
ing. Further development of the absorption lines from
the He detonation ash (Fe-peaks, Ca, Ti) is seen in the
decay phase after the initial peak, the strength of which
depends not only the mass of the He detonation products
but also the luminosity of the underlying main SN ejecta
component.
Around the maximum phase, the presence of the He
detonation products in the outermost layer of the SN
ejecta can change the SN appearance. For a larger
amount of the He detonation products and/or the lower
luminosity from the main SN ejecta component, the ef-
fect becomes larger. Within the ‘minimal He mass’ model
sequence within the double detonation scenario (i.e., a
larger amount of the He layer for a less massive WD,
therefore for lower peak luminosity; Fink et al. 2010;
Woosley & Kasen 2011), this effect for the fainter SNe
(i.e., the les massive WD in the adopted double detona-
tion sequence) will essentially black out the UV and the
blue portion of the optical spectra, resulting in an ex-
tremely red SN. For relatively brighter SNe (e.g., with
M(56Ni) ∼> 0.6M⊙, which is related to the He mass
of ∼< 0.05M⊙ in our model sequence), the effect is not
strong at the maximum brightness, and the effect of the
He detonation products may indeed be hidden. Still,
the absorptions tend to develop in the post-maximum
decay phase (except for the most massive WD progen-
itors), which could be used as additional diagnostics of
the He detonation scenario. These features suggest that
(1) we generally expect a relation between the properties
of the early-phase flash and those of the maximum SN
emission, in a way the brighter and slower initial flash
is accompanied by a more substantial effect of the addi-
tional absorptions (and reddening) by the He detonation
products, (2) this relation, however, should be consid-
ered together with the maximum luminosity of the SN,
since larger luminosity suppresses the effect of the ad-
ditional absorption, and that (3) the effect is especially
pronounced in the UV both in the early and maximum
phases.
We have further discussed the origin of the early ex-
cessive emission reported for a few SNe so far. The prop-
erties of MUSSES1604D (Jiang et al. 2017) fit into the
model predictions by the He detonation scenario. The
properties of the first example of the reported early-phase
excess, iPTF14atg (Cao et al. 2015, 2016), are consistent
either with the companion interaction or the He detona-
tion scenario. In the He detonation scenario, it requires
the mass of the He layer ∼> 0.02M⊙, similar to the esti-
mate for MUSSES1604D. This would, however, result in
a very red maximum emission due to the absorption by
the He detonation products, given the sub-luminous na-
ture of iPTF14atg, being possibly inconsistent with the
observed property. While the detailed modeling of indi-
vidual SNe, especially in the maximum phase, is beyond
the scope of this paper, this consideration raises a doubt
on the He detonation scenario for iPTF14atg.
SNe 2012cg (Marion et al. 2016) and 2017cbv (Hossein-
zadeh et al. 2017), while the spectra show some differ-
ences, seem to share similar light curve evolution around
the maximum light, potentially belonging to a luminous
class like SN 1991T. The early-phase excessive emission is
stronger in SN 2017cbv than SN 2012cg. For SN 2012cg,
it is possible to explain the data either by the compan-
ion interaction or the He detonation scenario. Further
investigation, however, is limited by the sparse data set
to characterize the nature of the early emission. In-
deed, the densely sampled light curves of SN 2017cbv
indicate that the UV emission is much weaker than that
expected by the interaction scenario(s). Redistribution
of the radiation energy by the UV-line absorptions within
the interaction scenario is unlikely, since we do not see
the characteristic property of the interaction scenario,
i.e., decreasing bolometric luminosity. Rather, it is more
likely explained by a scenario involving initially increas-
ing bolometric luminosity, as in the He detonation sce-
nario. One would construct the He detonation model to
explain these behaviors by considering a thick He layer
dominated by non-radioactive species beyond our stan-
dard ‘double detonation’ model sequence. A more natu-
ral and favored origin of the excessive early-phase emis-
sion found in these SNe is an extensive mixing of 56Ni
in the main SN ejecta, which would be consistent with
the nature of these SNe as (possibly) over-luminous SNe.
Another example showing a similar early-phase behavior,
iPTF16abc (with normal luminosity; Miller et al. 2018),
probably shares the same mechanism with SNe 2012cg
and 2017cbv for the early emission. The detection of C
II in the very early-phase spectra might support this hy-
pothesis (e.g., a less extended distribution of 56Ni for a
fainter object).
For the companion interaction scenario, we point out a
possible contribution to the early flash by the inner 56Ni
exposed to the observer direction. Qualitatively, this ef-
fect may well become significant for the small binary sep-
aration. This effect will increase the optical luminosity
in the early flash while not strongly affect the UV be-
havior. The color will still be bluer than the He detona-
tion scenario. For MUSSES1604D, this effect was indeed
included in the simulation shown by Jiang et al. (2017)
and it was concluded that the companion interaction sce-
nario is inconsistent with the observed data for this SN.
For iPTF14atg, our companion interaction model pre-
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sented in this paper without this effect provides reason-
able explanation of the observed light curves. Indeed,
the expected luminosity from the inner 56Ni may com-
pete to the thermal energy generation, and therefore the
self-consistent model including both contributions will be
necessary for detailed modeling of this object. For SNe
2012cg and 2017cbv (and iPTF16abc), this additional ef-
fect alone will not fully remedy the difficulty in the com-
panion interaction scenario to explain these SNe; even
the He detonation scenario (which will lead to the larger
optical contribution than this scenario for a given UV lu-
minosity) predicts too large UV luminosity as compared
to the optical.
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APPENDIX
RADIOACTIVE DECAY ENERGY INPUT
52Fe decays into the metastable 52mMn either by the electron capture or the positron emission (with the branching
ratio of 55% and the average kinetic energy of 340 keV), followed mainly by a 168.7 keV line emission. The e-folding
time (τ52Fe) is 0.498 day.
52mMn then decays with τ52Mn = 0.021 day through positron emission with the average
kinetic energy of 1.174 Mev followed by a 1.434 MeV line emission. Given the short life time of the daughter nucleus,
the decay chain can be treated as a single step. Including the 511 keV annihilation photons and other minor γ-ray
lines (as included in our simulations), the (bolometric) energy input from the decay chain 52Fe → 52Mn → 52Cr can
be described as follows:
L(52Fe/Mn/Cr)=
(
sγ,Fe/Mn + se+,Fe/Mn
)
e−t/τ52Fe , (A1)
sγ,Fe/Mn=2.7× 1045erg s−1
(
M(52Fe)
M⊙
)
, (A2)
se+,Fe/Mn=1.1× 1045erg s−1
(
M(52Fe)
M⊙
)
, (A3)
where M(52Fe) is the initial mass of 52Fe before the decay.
48Cr decays into 48V through the electron capture with τ48Cr = 1.30 day, followed by 112 keV and 308 keV lines.
48V then decays into 48Ti with τ48V = 23.0 day, either by the electron capture or the positron emission (50%). The
average positron kinetic energy is 290 keV. This is then followed mainly by 984 keV and 1312 keV line emissions.
Including the 511 keV annihilation photons and other minor γ-ray lines, the (bolometric) energy input from the decay
chain 48Cr → 48V → 48Ti can be described as follows:
L(48Cr/V/Ti)= sγ,Cre
−t/τ48Cr + (sγ,V + se+,V)(e
−t/τ48V − e−t/τ48Cr), (A4)
sγ,Cr=1.5× 1044erg s−1
(
M(48Cr)
M⊙
)
, (A5)
sγ,V=6.2× 1043erg s−1
(
M(48Cr)
M⊙
)
, (A6)
se+,V=3.1× 1042erg s−1
(
M(48Cr)
M⊙
)
, (A7)
where M(48Cr) is the initial mass of 48Cr before the decay.
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